Introduction
Electron and proton storage rings require foreration ultrahigh vacuum -pressures of 10-8 to 10-torr or better. To produce ultrahigh vacuum has been a matter of routine for many years and even the additional complication that storage rings are strongly aperture-limited and that pumping stations cannot be installed as frequently as one would like is not a serious problem for the achievement of the required static pressure, that means the pressure in absence of beams.
All the difficulties with the vacuum system of storage rings come from the interaction of the circulating beams with the chamber walls. These interactions are of various kinds : circulating electron beams produce intense synchrotron light which strikes the chamber walls. This firstly increases the wall temperature provoking enhanced thermal outgassing. Furthermore, it produces secondary electrons which, when hitting the chamber wall again, desorb molecules resting adsorbed on the surface. A circulating proton beam does not emit synchrotron light of enough intensity but it interacts with the chamber wall in a different way:1 the protons create, by collision with the residual gas molecules, positive ions which are repelled by the electrostatic potential of the beam and bombard the chamber walls where they release surface molecules. This mechanism has a positive feedback: the released gas contributes to the ionisation and to the release of gas. The effect is dependent on the beam current. There exists a critical current at which the pressure becomes unstable and tends towards infinity. In a well cleaned chamber, however, a circulating proton beam decreases the residual gas pressure. The condition is that the sticking probability of the incident ion is larger than the probability of desorbing a neutral molecule.
There exist two principal methods of fighting the beam induced pressure rises: one method is the conditioning of the chambers in order to reduce thermal and induced gas release and the other is the provision of some sort of distributed pumping speed in addition to the normal lumped pumps. Often both methods are combined.
The aim of any chamber conditioning is to reduce the rate of gas desorption. We have here to distinguish between thermal, electron induced and ion induced desorption where these three parameters are only loosely coupled to each other. Conditioning of chambers can be done during manufacturing, in the laboratory before installation and in situ after installation. of the remaining gas being desorbed is hydrogen diffusing from the bulk of the metal to the surface and from there into the vacuum. The remaining desorption of heavier gases, like N2, CO, H20 etc. is 10-14 TQ/s cm2 or even much less.
A reduction of the hydrogen desorption down to also 10-l4 TQ/s cm2 can be achieved by pre-annealing the completed chamber, subassemblies or the sheets from which the chamber is manufactured in a vacuum oven at about 10000C for a few hours.2 The only problem is to find a suitable oven. At CERN we have installed for this purpose a big oven with a useful volume of 3.5 m length and 1 m width where the pressure is kept at 5 x 10-6 torr at 1000°C and against a H2 load of 2 x 10-2 TQ/s. The partial pressure of hydrogen and its compounds during annealing is a crucial parameter for the ultimate thermal desorption rate which can be achieved.
On small samples in the laboratory, thermal gas desorption rates of less than 10-15 TQ/s cm2 could be achieved. But it would be difficult to obtain the same with full size chambers. Besides, at least for storage rings, rates of less than 10-13 Ti/s cm are unlikely to be ever needed.
Bakeout is, unfortunately, rather inefficient in reducing the electron induced desorption, and still less the ion induced desorption. See, for example, Figure 1 for electrons of a few electron volts as those responsible for the pressure rises in electron machines is orders of magnitude smaller but the qualitative behaviour is the same. As one can see, the ion-induced desorption does not change up to 2500C in sharp contrast to the thermal desorption which is, after a bake at this temperature, already down by 3 
Glow discharge cleaning
What is obviously needed is the cleaning of the surface by a bombardment with particles of energies exceeding the binding energies of 1 to 10 eV of the many molecules which survive a bakeout. This can be done by the well known glow discharge cleaning which is usually applied as laboratory treatment preceding the installation.5 At CERN we are using a mixture of 90% Ar and 10% 02 at 2 x 10-2 torr. The voltage of + 350 V is applied to a wire stretched, for this purpose, through the middle of the chamber, while the latter is kept at a temperature of 3000C. It has been found necessary for good results to apply a dose of > 1018 ions/cm2. After the treatment a small residual partial pressure of argon can be detected which is, however, eliminated by a 300-3500C bakeout subsequent to the glow discharge treatment. desorption yield for CO, the important parameter for the stability of proton storage rings, which had been above unity after the standard bakeout, is reduced to < 0.01, the detection threshold of the apparatus. The subsequent bakeout carried out in order to remove the residual argon has the side effect of the reappearance of a small CO desorption yield. The system has then been exposed to air for 12 h in order to simulate the transport of a chamber from the laboratory to the machine for installation. After the following in-situ bakeout, the CO desorption is furthermore increased but stays for all samples below the critical level of unity. The differences between the three materials are not significant. One must also keep in mind the aluminium which seemed here to be the best, can never be baked at 300°C when it forms a chamber and not a small sample.
Electropolishing
In the old past we had abandonned electropolishing as cleaning and conditioning treatment after we faultless an electropolished surface looks as compared with all surfaces treated otherwise. We are now in the process of studying again the electron and ion induced desorption from electropolished stainless steel and inconel after having reduced the hydrogen charge by high temperature annealing.10 The results so far are encouraging.
Multipactoring
We had recently made by surprise the observation that very sharp pressure rises can occur in a well cleaned aluminium chamber when avalanches of secondary electrons are triggered by the RF field produced by a bunched proton beam. This annoying phenomenon is known under the name of multipactoring. The idea has then been born that artificially produced multipactoring would also be an efficient way of conditioning vacuum chambers, either in the laboratory or in situ.11 The advantage with respect to GD cleaning would be that no gas fill is required. On the other hand, electron induced desorption is selective and might clean a surface only partially.
Differences between materials
It is an old and recurring question whether one chamber material is superior to others in the sense that is gives lower desorption rates or is easier to condition than others.
With respect to ion and electron induced desorption, the answer is simply that there are no differences within the scatter margins. This have been built or are being built with distributed sputter-ion pumps incorporated into the chamber design and making use of the magnetic field of the bending magnets. Electron storage rings have magnets of, fortunately, only moderate field strength and space is not difficult to find for the necessary extension of the chamber cross-section. The advantage of sputter-ion pumps is that they pump more or less all gases and that they have a practically unlimited capacity so that they can easily swallow the strong initial outgassing when an electron storage ring is filled with beams for the first time after exposure to air. The pumping speed for nitrogen ranges from 100 to 400 Q/sm. This relatively high pumping speed permits the operation of machines with only moderate bakeout or without bakeout at all. All distributed sputter-ion pumps are, for reasons of simplicity, of the diode type, because this type needs only one voltage holding electrode instead of two in the case of triode pumps. If tantalum is partly used as cathode material, the pumping speed for argon can be enhanced. The size of the pump cell must be adapted for maximum pumping speed to the strength of the magnetic field in which it has to operate.
No experience exists with distributed sputter-ion pumps on proton storage rings. This possibility is, however, being discussed among others for projected proton storage rings with superconducting magnets. If space can be found inside the extremely costly aperture of superconducting magnets, one would still have to develop a pump which works reliably in the high magnetic field of 4 to 5 tesla. In the optimisation of parameters one should aim not so much for maximum linear pumping speed as in the case of electron storage rings, but for a very low base pressure. It should be remembered that the best commercial lumped sputter-ion pumps reach a base pressure below 10-11 reliably only in combination with a titanium sublimation pump.
Sublimation pumping
A standard titanium sublimation pump consists of a filament of 1.5 mm diameter and 150 mm length made of an alloy of 85% Ti and 15% Mo. For activation the filament is heated for 1 min by an AC current of -50 A up to a temperature close to the melting point so that a fresh layer of titanium is deposited by sublimation on the nearest chamber wall which then acts as a getter for most gases. At the operating pressure of proton storage rings of 10-11 torr such a getter layer will practically never become saturated and has to be renewed only once after each exposure to air. There are no principle difficulties in installing several such filaments inside an extended section of a vacuum chamber. In electron storage rings with an operating pressure of up to 10-8 torr they cannot compete with distributed sputter-ion pumps because sublimation pumps are saturated after adsorption of one monolayer of gas. In proton storage rings, however, they would have the advantage of offering a good pumping speed in the range of 10-12 torr which is not possible to achieve with sputter-ion pumps alone.
But there are also disadvantages such as the heavy, permanently installed cable for the 50 A filament current, the heat dissipation inside the vacuum chamber and the problem that the exchange of a burned-out filament requires demounting the whole chamber.
Sputtering from a titanium wire
The difficulties mentioned with Ti sublimation pumps can be eliminated by applying a method which has recently been developed at CERN and At the typical pressure of 10-11 torr of proton storage rings, the lifetime of the pumping would be practically unlimited. Laboratory2 ests are in progress at CERN to study this possibility.
Cold Bore
All design studies for future proton storage rings are based on superconducting magnets. It is obviously very tempting to keep also the vacuum chamber wall at liquid helium temperature. The vacuum chamber itself is then acting as a croypump, the residual gas density is very low, bakeout is unnecessary and one saves in inner aperture of the superconducting magnets. 21, 22, 23, 24 It is, however, not easy to assess how stable the vacuum in a cold bore will be against ion induced pressure rises as they are seen in the ISR. What frightens most people is the fact that the ion induced desorption from condensed hydrogen can be as high as 104 molecules/ion25
This must, however, be balanced against the high readsorption probability which must be close or equal to unity. A 
Conclusion
The present state of ultrahigh vacuum technology offers a large scale of methods and is able to satisfy practically all requirements on the vacuum conditions of future storage rings under consideration.
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